The peptide NK-2 is an effective antimicrobial agent with low hemolytic and cytotoxic activities and is thus a promising candidate for clinical applications. It comprises the ␣-helical, cationic core region of porcine NK-lysin a homolog of human granulysin and of amoebapores of pathogenic amoeba. Here we visualized the impact of NK-2 on Escherichia coli by electron microscopy and used NK-2 as a template for sequence variations to improve the peptide stability and activity and to gain insight into the structure/ function relationships. We synthesized 18 new peptides and tested their activities on seven Gram-negative and one Gram-positive bacterial strains, human erythrocytes, and HeLa cells. Although all peptides appeared unordered in buffer, those active against bacteria adopted an ␣-helical conformation in membrane-mimetic environments like trifluoroethanol and negatively charged phosphatidylglycerol (PG) liposomes that mimick the cytoplasmic membrane of bacteria. This conformation was not observed in the presence of liposomes consisting of zwitterionic phosphatidylcholine (PC) typical for the human cell plasma membrane. The interaction was paralleled by intercalation of these peptides into PG liposomes as determined by FRET spectroscopy. A comparative analysis between biological activity and the calculated peptide parameters revealed that the decisive factor for a broad spectrum activity is not the peptide overall hydrophobicity or amphipathicity, but the possession of a minimal positive net charge plus a highly amphipathic anchor point of only seven amino acid residues (two helical turns).
Acquired resistance of pathogenic bacteria to classical antibiotics is an increasing and still unsolved problem in health care (1) . Of particular concern are nosocomial infections caused more and more frequently by bacterial strains multiresistant to a wide variety of antibiotics including sometimes last resort drugs like vancomycin. Antimicrobial peptides (AMP), 3 components of the innate immune system of virtually all organisms, are candidates to complement classical antibiotic therapy (2) (3) (4) (5) . Prominent representatives of AMP are linear ␣-helical peptides like magainins from frog skin, insect cecropins, or disulfide-bridged peptides like the ␤-sheet defensins or the ␣-helical granulysin and NK-lysin (6 -9) . Whereas defensins are found in the granules of neutrophils (␣-defensins) or on epithelia (␤-defensins), granulysin, and NK-lysin, saposin-like proteins like the pulmonary surfactant protein B (SP-B) (10) , are present in granules of NK-and T-cells. Common features of AMP include their cationic nature, amphipathic secondary structure, small size, and ability to rapidly bind to and permeabilize the membrane of their target cell and cause its death usually within minutes. It is well established that the bacterial membrane is the primary target of AMP in vivo and that peptide specificity depends on the presence of characteristic lipid molecules in the cell envelope of bacteria like lipopolysaccharide (LPS), exclusively found in the outer membrane of Gram-negative bacteria, and certain phospholipids like phosphatidylglycerol and other lipids (11) (12) (13) (14) (15) . Even in the case that the interaction of AMP with the cell envelope does not lead to a lethal hit, the peptides have to pass this barrier to reach their putative intracellular targets. This particular mechanism of action is thought to greatly hamper the emergence of mutants resistant to these compounds (16) .
We aim at using natural AMP as templates for the development of new antibacterial drugs. For this purpose, it is of utmost importance to understand their mode of action at the molecular level and to unravel the structural features which determine a peptide to be a potent and selective antibiotic. Though many studies have dealt with this topic, the issue is far from being set. Previously, we have described a broad spectrum antibacterial peptide, termed NK-2, derived from the cationic core region of NK-lysin, namely helix 3 and 4 (14, 17) . The peptide adopts an amphipathic ␣-helical secondary structure in hydrophobic environment (17) . It binds to, intercalates into and permeabilizes model membranes mimicking the lipid matrix of the bacterial cell envelope (13, 14, 18) . Here, we constructed a number of peptide variants based on the NK-2 sequence and performed a comprehensive functional and structural investigation. The goal of this study was to improve the therapeutic efficacy of the membranolytic peptide NK-2 in terms of stability and antibacterial activity, in particular against some important Gram-negative pathogens. In addition, the collection of data for such a group of related peptides enabled us to carry out the analysis of their structure/function relationships. This may contribute to the understanding of the molecular principles of recognition and killing of bacteria by antimicrobial peptides thereby providing necessary information for the design of urgently needed new antimicrobial drugs.
EXPERIMENTAL PROCEDURES

Lipids and Reagents
Polymyxin B was purchased in its sulfate salt form from Sigma (Deisenhofen, Germany). Phospholipids (L-␣-phosphatidylcholine (PC, chicken egg), L-␣-phosphatidyl-DL-glycerol (PG, chicken egg), 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine (POPC), and 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphorac-(1-glycerol) (POPG)) were purchased from Avanti Polar Lipids (Alabaster, AL). Lipids (purity Ͼ99%) were used without further purification. Fluorescently labeled phospholipids N-(7-nitrobenz-2-oxa-1,3-diazol-4yl)-phosphatidylethanolamine (NBD-PE) and N-(lissamine rhodamine B sulfonyl)-phosphatidylethanolamine (Rh-PE) were from Molecular Probes (Eugene, OR). SDS and 2,2,2-trifluoroethanol were obtained from Fluka (Buchs, Switzerland). All other chemicals were analytical grade and acquired from Merck (Darmstadt, Germany).
Peptide Synthesis
Peptides (including melittin) were synthesized by the solidphase peptide synthesis technique in an automatic peptide synthesizer (model 433 A; Applied Biosystems) according to the fastmoc synthesis protocol of the manufacturer, including the removal of the N-terminal Fmoc group. The peptides with an amidated C terminus were synthesized on an Fmoc-amide resin, whereas the acidic C terminus was obtained by synthesis on a preloaded Wang resin. The peptides were deprotected and cleaved from the resin with 90% trifluoroacetic acid, 5% anisole, 2% thioanisole, 3% dithiothreitol, for 3 h at room temperature. After cleavage, the suspension was filtered and the soluble peptides were precipitated with ice-cold diethylether followed by centrifugation and extensive washing with ether. Peptides were purified by RP-HPLC using an Aqua-C18 column (Phenomenex; Aschaffenburg, Germany). Elution was done with a gradient of 0 -70% acetonitrile in 0.1% trifluoroacetic acid.
Assays for Cytotoxicity
Cytotoxicity of the peptides was determined against HeLa cells in medium by a MTT (3-[4,5-dimethylthiazol-2-yl]-2,5-diphenyltetrazolium bromide) assay as described previously (19) , and by a neutral red uptake assay directly accessing the membrane permeabilization by the peptides. For both assays, peptide stocks were solubilized in 4 mM Hepes buffer, pH 7.0. Peptides were incubated with initially seeded 10 4 cells/well (MTT) or 5 ϫ 10 4 cells/well (neutral red) in a microtiter plate for 24 h at 37°C. As a measure of cell viability, the conversion of MTT into a tetrazolium salt was determined by absorbance at 540 nm. Neutral red dye (Sigma) was added to every well at a final concentration of 0.33 mg/ml. The dye was allowed to react with cells for 3 h at 37°C, and then cells were washed twice with phosphate-buffered saline buffer to eliminate extracellular dye. The internalized dye was extracted from the cells by adding a solution of 50% ethanol and 1% acetic acid (v/v) and concentration of neutral red was determined by absorbance at 540 nm.
Assay for Hemolytic Activity-Hemolytic activity of the peptides against human erythrocytes was determined as described previously (19) . Briefly, peptides were incubated with a freshly prepared erythrocyte suspension from human blood (5% of normal hematocrit) in 10 mM phosphate-buffered saline, pH 7.2, for 30 min at 37°C. Released hemoglobin was determined photometrically at 412 nm.
Assays for Antibacterial Activity
The antibacterial activity of the peptides was determined by microdilution susceptibility assays performed (i) in MuellerHinton broth and (ii) in 20 mM Hepes buffer, pH 7.0 supplemented with 10% LB broth against a panel of Gram-negative and a representative Gram-positive bacterial strain (Table 1) .
Assay in Mueller-Hinton Broth
Susceptibility testing was performed following the recommendations of the Clinical Standards Institute (CLSI, formerly NCCLS) (20) . Peptides (2 mg/ml in 4 mM Hepes, pH 7.2) were 2-fold diluted in Mueller-Hinton Broth (ref. 275730, pH 7.3, Difco Laboratories, Le Pont de Claix, France) in 96-well microtiter plates (TPP, Trasadingen, Switzerland) to obtain concentrations from 512 to 0.25 g/ml in a volume of 100 l. Bacteria were grown on Mueller-Hinton agar plates (BioMérieux, Marcy lЈEtiole, France) for 1-3 days depending on the growth rate of the bacteria, suspended in 2 ml of 0.9% saline and adjusted to 10 8 CFU/ml. The bacterial suspension was diluted 100-fold in Mueller-Hinton broth, and 0.1 ml of this new dilution (10 5 CFU) was added to the peptide dilutions. The microtiter plates were incubated at 37°C for 24 h. The minimal inhibitory concentration (MIC) of each peptide against a given bacterial strain was regarded as the minimal concentration of the peptide, which prevents the growth of that organism (as judged by lack of cloudiness in the well) 24 h (48 h for Brucella) after inoculation. The bactericidal effect of the peptides was determined, after 24 h of incubation at 37°C, by plating 10 l of the content of non-cloudy wells onto Mueller-Hinton agar plates. Plates were incubated at 37°C for 1-5 days, and a viable count was performed. The minimal bactericidal concentration (MBC) of each peptide for a given bacterial strain was regarded as the minimal concentration of the peptide which kills 99.9% of the CFU present in the final inoculum. Assays in Luria-Bertani (LB) Medium/Buffer-Peptides (dissolved in 20 mM Hepes, pH 7.0) were 2-fold diluted in the same buffer in 96-well microtiter plates (Greiner). Subsequently, a suspension of log-phase bacteria in LB was added (10 l, containing 10 4 CFU) to the peptide solution (90 l). The plates were incubated overnight in a wet chamber at 37°C under constant shaking, and bacterial growth was monitored by measuring the absorbance at 620 nm in a microtiter plate reader (Rainbow, Tecan, Crailsham, Germany). The MIC was defined as the lowest peptide concentration, at which no bacterial growth was measurable. Portions of each well (10 l) were diluted with 90 l of Hepes buffer, plated out in duplicate on LB agar plates, incubated overnight at 37°C, and bacterial colonies were counted. The MBC was defined as the peptide concentration at which no colony growth was observed. Experiments were performed at least twice in duplicates.
Circular Dichroism (CD) Spectroscopy
CD data were acquired with a Jasco J-715 CD spectrophotometer using quartz cuvettes with an optical path length of 0.1 cm. The response was measured from 190 to 300 nm with 0.2-nm step resolution and 1-nm bandwidth. The rate was 50 nm/min using a 2-s response time. Each spectrum is a sum of at least four scans to improve the signal-to-noise ratio. All spectra are reported in terms of mean residue molar ellipticity [] R deg cm 2 dmol Ϫ1 . Spectra were collected for samples of 63 M peptide in 10 mM phosphate buffer at pH 7, in trifluoroethanol and in the presence of 10 mM SDS micelles and large unilamellar lipid vesicles (LUV) composed of 1 mM POPC and POPG. For the measurements in the presence of lipids, a defined amount of lipid in chloroform was dried over a stream of nitrogen gas and stored over vacuum overnight to remove trace amounts of organic solvent. The dried lipid film was then dispersed in buffer (10 mM potassium phosphate, pH 7.0) and hydrated at ϳ10°C above the liquid crystalline phase of the lipids for 2-4 h, with intermittent, vigorous vortex mixing and sonication. LUV were prepared by the extrusion method using a Mini-Extruder (Avanti Polar Lipids Inc.). The vesicle suspension was extruded through a 0.1-m polycarbonate filter for 21 times. The size of the vesicles was controlled by Dynamic Light Scattering. To analyze the secondary structure content of the peptides the program CONTIN/LL (21-23) was used.
Fluorescence Resonance Energy Transfer Spectroscopy (FRET)
Intercalation of peptides into phospholipid liposomes composed of natural PC, and PG was determined at 37°C by FRET spectroscopy applied as a probe dilution assay (24) . Peptides were added to liposomes, which were labeled with the donor dye NBD-phosphatidylethanolamine (NBD-PE) and acceptor dye Rhodamine-PE. Intercalation was monitored as the increase of the ratio of the donor fluorescence intensity I D at 531 nm to that of the acceptor intensity I A at 593 nm (FRET signal) in dependence on time.
Electron Microscopy
Log-phase bacteria (Escherichia coli ATCC 23716) grown in LB broth were washed, suspended in 10% LB/90% 20 mM Hepes, pH 7.0, and adjusted to a density of 5 ϫ 10 8 CFU/ml. Peptide NK-2, NK11, or buffer was added to 1 ml of bacterial suspension (final peptide concentration 4 and 20 M) and incubated for 30 min at 37°C under constant shaking. Subsequently, bacteria were fixed using 2% osmium tetroxide, for 1.5 h (25). After fixation, the samples were washed three times with distilled water. The post-fixation positive stain was carried out with a 2% aqueous uranyl-acetate solution (1 h), and the washing procedure was repeated. Then the material was dehydrated in a series of ethanol washes (30, 50, 70, 90 , and 100%), each for 15 min. The material was transferred to propylene oxide, for 15 min. All above mentioned procedures were carried out at room temperature. Infiltration of the samples was done overnight in a 1:1 propylene oxide-Epon-resin-mix, at 4°C. Then the samples were embedded in Epon-resin, polymerization was carried out at 60°C overnight. Ultrathin-sectioning (80 -100 nm) was performed with a diamant-knife, using a pyramytom. The slices were placed on a copper grid (400 squares) and counterstained with lead citrate, in a CO 2 -free environment. Pictures were taken with the EM Zeiss 910.
Calculation of Peptide Parameters
The net charge (Q) of the peptides was calculated by subtracting the number of aspartic acid residues (the only negatively charged amino acid residues present in the peptides) from all the positive charges (lysine, arginine, and the peptide N terminus). Because the C terminus of all peptides used was amidated, it did not bear a negative charge. The mean hydrophobicities (H) and hydrophobic moments ( H ) of the peptides were calculated using the consensus scale of hydrophobicity proposed by Eisenberg et al. (26) . Hydrophobic moments were calculated using the Profilegraph program (27) under the assumption that the peptides adopt an ideal ␣-helix, (i) for the entire peptides and (ii) for a seven amino acid residue segment, i.e. the two most amphipathic helical turns. A mean MIC value of the peptides was calculated using the MIC values obtained against five representative Gram-negative strains (E. coli ATCC 25922, Acinetobacter baumanii ATCC 19606, Brucella abortus 9.49 (per-), Bordetella bronchiseptica CUN 11844-99, and Pseudomonas aeruginosa CUN 4158-02; see Table 1 ). If the MIC was higher than the maximum peptide concentration tested (e.g. 256 g/ml), the next higher concentration was taken for calculation.
RESULTS
Ultrastructural Analysis of Peptide-treated E. coli-The antibacterial efficacy of the peptide NK-2 (14, 17) , and its interaction with and permeabilizing potency on model membranes mimicking the bacterial envelope is well documented (13, 14, 18) . However, experimental evidence at the ultrastructural level that would provide a direct link from the model membrane studies to the in vitro antibacterial testing is still lacking. To close this gap, we incubated bacteria (our internal reference strain E. coli ATCC 23716) in the absence and presence of NK-2, at concentrations close below and above the MIC (4 M and 20 M under the incubation conditions), and subsequently analyzed the bacteria by transmission electron microscopy. As a control we used the almost inactive peptide NK11 (20 M). Differences in the ultrastructure between bacteria incubated in buffer or in the presence of NK11 on the one hand, and in the presence of NK-2 on the other hand were dramatic (Fig. 1) . Whereas the morphology of bacteria incubated in the presence of NK11 (Fig. 1C) was only slightly changed when compared with the buffer control (Fig. 1, A and D) , due to the action of NK-2 (at 4 and 20 M), the outer membrane of E. coli appeared detached from the inner membrane, thereby increasing the average diameter of the cells. At 20 M NK-2 concentration highly electrodense clusters were found inside and outside of cells (Fig. 1, B and E) . For some bacteria, the envelope seemed to be almost completely destroyed, and the cell content was released to the surrounding medium (Fig. 1F) . At first glance, all the observed features were indicative of a direct lytic action of NK-2, which will likely alter the permeability properties of the bacterial cell envelope. However, we observed no bleb (finger-like extensions) formation. This and the fact that the cytoplasm of the treated cells that remained unbroken appeared less electrodense than that of untreated control bacteria suggest that the peptide may reach an intracel- lular target(s) such as DNA, as it has been claimed for other antimicrobial peptides (28, 29) .
Design of Shortened NK-2 Variants-Our rationale to generate shortened derivatives of NK-2 with potentially improved activity was based on two criteria: (i) to preserve N-and C-terminal positively charged lysine residues, which have been shown to reduce the hemolytic activity of the peptide (17); and (ii) to maintain the amphipathic nature and charge pattern of the parent peptide NK-2. The amphipathicity of this peptide is reflected by the segregation of hydrophilic and hydrophobic amino acid residue side chains (Fig. 2) under the assumption of an ideal ␣-helix (Refs. 13, 17 and this report). Our most basic modification entailed the replacement of the non-functional sole cysteine residue within the NK-2 sequence with a serine residue (C7S), resulting in the peptide NK27. This substitution is expected to reduce the sensitivity of the peptides to oxidation, thereby improving stability. To address the influence of the C terminus on secondary structure and function, we synthesized a single peptide with a non-amidated C-terminal end (NK27-OH). Peptides N17, C20, and C20-DK comprise the N-and the C-terminal part of NK-2, whereas peptide I10 is composed of the overlapping internal residues shared by N17 and C20 (Table  2 ). Shortening and conservation of amphipathicity was achieved by the consecutive omission of putative internal helical terms of the peptide NK-2. Following this strategy, we constructed and synthesized additional peptides ranging from 10 to 27 amino acid residues in length ( Table 2 ). As internal standards for the biological assays we included bee venom melittin, a cationic linear ␣-helical peptide well known for its potent hemolytic and antibacterial activities, and the cyclic lipopeptide polymyxin B, a very effective albeit toxic antibiotic.
Cytotoxicity and Hemolytic Activity of Peptides-Cytotoxicity of the peptides was assayed against human HeLa cells by the MTT and the neutral red test (Table 3) , and hemolytic activity was monitored by hemoglobin release from human erythrocytes (Fig. 3) . Besides the highly hemolytic melittin, only peptides NK-2, NK27, and NK23c induced a noteworthy hemolysis. A similar spectrum of activity was observed against metabolically active nucleated human cells. Melittin, NK-2, and five derived peptides exhibited a detectable cytotoxicity in the MTT test at 100 g/ml. These peptides were also assayed by the neutral red uptake test. Because the latter assay allowed to detect membrane permeabilization, and the results obtained were very similar to the MTT assay it is likely that the cytotoxic activity of the peptides is directly connected to membrane lysis. Interestingly, unlike NK27, the non-amidated NK27-OH was neither hemolytic (not shown) nor considerably toxic for HeLa cells (Table 3) .
Antibacterial Activity of Peptides-We screened the activity of the peptides against seven Gram-negative and one Grampositive bacterial strains by determining growth inhibition (MIC) and bacterial killing (MBC) in Mueller-Hinton broth Please note that peptides not depicted in this figure exhibited hemolytic activity below 5% at 100 g/ml. (Table 4 and an additional strain in Table 5 ). The bacterial panel includes E. coli, P. aeruginosa, A. baumanii, a nosocomial pathogen resistant to many common antibiotics, the mucosal pathogen B. bronchiseptica, Yersinia pestis, the causative agent of plague, an attenuated B. abortus strain (30) , and a methicillin-resistant (MRSA) Staphylococcus aureus (see also Table 1 ). The substitution of the cysteine residue in NK-2 by a serine residue led to a improved antibacterial activity of the resulting peptide NK27 compared with the parent compound. Peptide NK27 was particularly active against the most resistant pathogens, namely Y. pestis, B. abortus, and P. aeruginosa. The shortening of peptide 27 close to the N terminus, the central hinge part, and close to the C terminus by four amino acid residues at a time (matching approximately one helical turn) led to peptides NK23a, b, and c, respectively. NK23c maintained the antibacterial activity of NK27, whereas a smooth and strong reduction of activity was observed for peptides NK23a, and b, respectively.
We calculated the mean of the MICs for all peptides in Mueller-Hinton broth excluding those obtained on the most resistant bacterial strains such as Y. pestis and S. aureus as well as the rough mutant E. coli. As shown in Fig. 4 peptides may be clearly separated into three distinct groups in terms of broad spectrum (Gram-negative) antibacterial activity: 1) peptides of outstanding activity (NK27, NK23a, NK23c); 2) peptides exhibiting considerable activity (NK-2, N17, C20, C20-DK, NK23b, NK22b, NK19a, NK19b, NK19b-KR, NK13); and 3) peptides of inferior activity or completely lacking activity (I10, NK15, NK14, NK11, NK10). Substitution of a negatively charged aspartic acid residue (D) by a positively charged lysine residue (K) in peptide (4) 2 (2) 4 (4) 4 (4) 16 (16) 64 (256) NK19a 16 (16) 4 (4) 128 (128) 2 (32) 8 (8) 32 (32) 256 (256) NK19b 32 (32) 2 (2) 4 (4) 64 (128) 32 (32) Ͼ256 (Ͼ256) Ͼ256 (Ͼ256) NK19b-KR 16 (16) 8 (8) 4 (4) 8 (32) 32 (128) 64 (128) 32 (32) 
64 (128) 256 (256) 16 (32) 16 (Ͼ256) 256 (256) 256 (256) (2) 4 (4) 4 (4) 16 (16) 16 (16) 2 (2) 
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C20, thereby enhancing the positive net charge by ϩ2, led to a considerable improvement of activity in the resulting peptide (C20DK). Noteworthy, a similar improvement of activity was achieved without change of net charge by the substitution of all lysine residues (K) by arginines (R) in peptide NK19b thus generating peptide NK19b-KR. Whereas C20 and NK19 were inactive against Y. pestis and S. aureus, both types of substitutions enabled the resulting peptides to kill these pathogens, with NK19b-KR being the most potent NK-2-derived peptide against S. aureus.
To evaluate the influence of the assay conditions, we compared the antibacterial activity of the peptides in Mueller-Hinton broth and in Hepes buffer supplemented only with 10% LB broth against our internal reference strain E. coli (Table 5) . Interestingly, here a fairly good correlation can be observed between peptide net charge and activity: peptides with a net charge Նϩ9 appeared to express higher activity in MuellerHinton broth, whereas peptides with a net charge Յϩ9 were more active in buffer. Probably, this phenomenon results from the different ionic strength and concentration of divalent cations of those media.
Secondary Structure Analysis of Synthetic Peptides-To gain knowledge on the activity-structure relationship of the peptides, the secondary structures of selected peptides (NK-2, NK27, NK27-OH, NK23c, NK19b, NK15, NK11, and melittin) were analyzed by CD spectroscopy. All the peptides tested appeared unordered in buffer but adopted an ␣-helical structure in the presence of SDS and TFE, i.e. in a membrane-mimetic environment (Fig. 5) . The relative amount of ␣-helix was calculated from the CD data and found to be similar for most peptides. The interesting exception was the inactive peptide NK11 which was unordered in buffer and SDS but partially ␣-helical in TFE (Figs. 5 and 6A ). The C terminus of the peptides did not markedly influence their secondary structure as exemplified by the comparison of the amidated (NK27) and non-amidated (NK27-OH) version of a peptide. It should be noted that software packages available for the fitting of CD curves are always optimized for the analyses of proteins and not for small peptides. Thus, although the values presented in Fig. 6 are unlikely to represent the absolute ␣-helical content of the peptides (which is expected to be considerably higher), they can be used to compare the relative ␣-helicity of the peptides.
Interaction of Peptides with Model Membranes-As previously reported, the lipid composition of the target cell membrane determines the selectivity and activity of NK-2 (13, 18) . To investigate whether this property is shared by the shortened NK-2 variants, we analyzed the interaction of selected peptides with liposomes consisting of phospholipids characteristic of the cytoplasmic membrane of bacteria (i.e. negatively charged PG) and mammalian cells (i.e. zwitterionic PC) by FRET and CD spectroscopy. FRET spectroscopy was used as a very sensitive tool to monitor membrane intercalation of peptides. All NK-2-derived peptides intercalated readily into PG liposomes, whereas no interaction with PC liposomes could be detected (representative examples are shown in Fig. 7) , thus demonstrating that the NK-2 derivatives retained the lipid specificity of the parent compound. Noteworthy, the increase in FRET signal did (Fig. 5) . FIGURE 7. Selective intercalation of indicated peptides into phospholipid liposomes as determined by FRET spectroscopy. Peptides (4 g) were added (50 s) to liposomes composed of negatively charged phosphatidylglycerol (solid line) or zwitterionic phosphatidylcholine (dotted line) doublelabeled with NBD-PE and Rh-PE. An intercalation of the peptides led to an increase of the FRET signal (I Donor /I Acceptor ). Representative experiments each performed at least in duplicates are shown. Addition of buffer alone had no effect.
not correlate with the antibacterial activity of the peptides as reflected by the similar signal obtained after addition of NK23a and NK11 (Fig. 7) .
As analyzed by CD-spectroscopy (Fig. 8) , all peptides but NK11 adopted an ␣-helical conformation in the presence of PG liposomes, albeit to a different extent (Fig. 6B) . In sharp contrast, all peptides are in an unordered form in the presence of PC liposomes, which resembled their behavior in buffer. The only peptide that showed a different pattern was the hemolytic peptide melittin (Fig. 6B) .
Correlation of Antibacterial Activity with Charge, Hydrophobicity, and Hydrophobic Moments of the Peptides-A mean of the MICs (in molar concentrations) against Gram-negative strains (see "Experimental Procedures") was correlated with peptide parameters derived directly from the sequence (net charge Q, mean hydrophobicity H) or the sequence under the assumption that the peptides adopt an ␣-helical secondary structure (hydrophobic moment H ). Log of the antibacterial activity correlated linealy with the net charge of the peptides, and a minimum charge of ϩ8 seemed to be required for a considerable activity (Fig. 9A) . Conversely, no correlation was found between the mean MIC and hydrophobicity (Fig. 9B) . The hydrophobic moment, a parameter reflecting the amphipathicity of the peptides (i.e. the segregation of hydrophilic and hydrophobic residues) was calculated for each peptide as a vector sum for the entire sequence (Fig. 9C, H (n) ) and for a window of seven amino acid residues (Fig. 9D, H (7) ) representing two helical turns (each 3.6 residues). Interestingly, whereas no correlation exists between the MIC mean and H (n), a plot of MIC mean against H (7) revealed a threshold area (shaded) of H (7) above which the peptides exhibited considerable activity against Gram-negative bacteria.
DISCUSSION
We have derived a set of 18 new cationic peptides from NK-2, the 27-amino acid residue fragment encompassing the membrane active cationic core region of NK-lysin. We comprehensively investigated their antibacterial and cytotoxic activities, secondary structure in various environments, and interaction with model membranes mimicking the bacterial and the human cell cytoplasmic membranes.
In general, our strategy to reduce the NK-2 size by omitting helical turns was successful. The resulting peptides adopted ␣-helical conformations in membrane-mimetic environments and exhibited potent antibacterial activities.
As a major result, we were able to obtain at least two peptides, namely NK23a and NK23c, with considerably improved antibacterial activity, enhanced stability and a reduced size compared with NK-2. In particular, NK23c exhibits both a high antibacterial potency and a broad spectrum of activity, which makes it even potentially useful against Y. pestis and S. aureus. The shortest peptide with considerable antibacterial activity, namely NK13, is only 13 residues in length. Notably, when compared with the parent peptide NK-2, we obtained a better activity against Brucella and Yersinia accompanied by a size reduction of more than 50%. In addition, the action of NK13 seems to be rather independent from the assay conditions making it an interesting candidate for further studies and applications.
Luckily, although unexpectedly, our most basic peptide modification, the rather conservative substitution of the sole cysteine residue in NK-2 by a serine residue, markedly improved the antibacterial activity of the resulting peptide NK27. Intriguingly, charge, hydrophobicity, and hydrophobic moment appear unchanged by this substitution (Table 2) . Presently, there is no mechanistic clue which could explain this change in activity. From CD spectroscopy curves, it can be deduced that both peptides adopt an ␣-helical secondary structure in membrane-mimetic environment. The ratio of the minima ( 222 / 208 ) indicates a monomeric structure in TFE and SDS, whereas those peptides form aggregates in the presence of negatively charged phosphatidylglycerol liposomes (31, 32) . In this context, it would be tempting to suggest the formation of covalent dimers in NK-2 via cysteine residues resulting in an impaired activity compared with cysteine-free NK27. However, mass spectrometric analysis of NK-2 provided no evidence for such a dimerization (data not shown, see also Ref. 13 ). This finding is in agreement with other cysteine-containing peptides derived from the core regions of NK-lysine and its human homologue granulysin where reduction of peptides did not affect its antibacterial activities (33, 34) . To further analyze this phenomenon, we are currently investigating the properties of a cystinebridged NK-2 dimer.
The influence of the amidated C terminus was exemplarily investigated for peptide NK27 in comparison to its non-amidated counterpart NK27-OH. The conversion of the C terminus from amide to a free carboxyl group, thereby lowering the net charge by 1, had no influence on secondary structure and the activity against E. coli; however, it considerably reduces the hemolytic and cytotoxic activity of the peptide.
MIC and MBC are identical for almost all peptides indicating a bacteriolytic rather than bacteriostatic mode of action. Interestingly, this is different for the action of the majority of the peptides against B. abortus, a facultative intracellular pathogen that has been reported to be highly resistant to killing by AMPs (35) . Thus, only NK-2, NK27, C20-DK, NK23c, NK19b, NK19b-KR, and melittin were able to kill Brucella at concentrations close to their MICs.
Like NK-2, the ensemble of new peptides specifically interacted with negatively charged but not with uncharged/zwitterionic lipids, which in all likelihood explains why they are nonhemolytic and non-cytotoxic. However, the strength of intercalation into the PG liposome membrane did not correlate with their antibacterial capacities. The envelope of Gram-negative bacteria consists of two membranes. Whereas the primary target for AMP is the outer membrane, whose outer leaflet is composed of LPS, the lipid matrix of the cytoplasmic membrane is composed of phospholipids and appears to be the secondary target. It is well established that LPS shields the bacteria and provides an effective barrier against hydrophilic and hydrophobic compounds (14, 36) . Thus, differences in activity against Gram-negative bacteria are likely to result from the interactions of peptides with LPS (37, 38) . Further studies are necessary to clarify this point. An alternative explanation may be deduced from our electron microscopy experiments. On the one hand there is a clear evidence for membrane interaction, on the other hand, the change in cytoplasmic electron density upon incubation with NK-2 might also indicate an intracellular interaction of NK-2 with appropriate targets like negatively charged DNA.
Our structure-function analysis showed that broad spectrum Gram-negative antibacterial activity of a given peptide correlates well with the charge of that particular compound. To the contrary, our results allowed us to conclude that the overall hydrophobicity and hydrophobic moment do not affect the antibacterial properties of the peptides, a phenomenon which has been confirmed earlier in studies involving the interaction of model membranes with other peptides (11, 37) . Interestingly, instead of an overall hydrophobicity or hydrophobic moment as the decisive parameters for antibacterial activity, we found that a highly amphipathic anchor point formed by only two helical turns (seven amino acid residues) combined with a minimum net charge of ϩ8 is necessary and sufficient. Peptide NK13 may serve as an example. Its amphiphilicity and net charge are both at critical thresholds. Reduction in any of these properties, represented by peptides NK15 and I10, results in a dramatic loss of activity. A direct correlation of a positive net charge with antibacterial activity has also been reported by others (11, 39, 40) and stresses the importance of electrostatic interactions for the killing of bacteria. To our knowledge, however, the importance of a short amphipathic stretch has not been emphasized before.
Five lysine/arginine substitutions in peptide NK19b led to an improvement of activity of the resulting peptide (NK19b-KR) against those bacteria which appeared in general more resistant to the action of antimicrobial peptides, i.e. B. abortus, Y. pestis, and in particular against Gram-positive S. aureus. In a single case however, i.e. against A. baumanii, activity was reduced. Although the available information about the effects of this conservative amino acid substitution is limited, it seems likely that the guanidino group of arginine side chains also enables the interaction with the phosphate group of zwitterionic phospholipids like phosphatidylcholine (41) . This is also probably reflected in our study by the enhanced hemolytic and cytotoxic effect of peptide NK19b-KR when compared with NK19b.
It should be mentioned that rules derived here certainly do not apply to all types of peptides but are restricted to target selective, amphipathic ␣-helical peptides. The balance between electrostatic and hydrophobic interactions modulates the biological activity and selectivity of cationic peptides and their interactions with model membranes (42, 43) . Melittin, for instance, exhibits strong and broad-spectrum antibacterial activity, but has a very low amphipathicity value ( H (7)), which is in the range of the almost inactive peptides NK10, NK11, and NK14. In the case of melittin, an extremely high overall hydrophobicity is the driving force for its non-selective membranolytic activity (42) . This is reflected by charge-independent binding and lysis of model membranes and a high hemolytic and cytotoxic activity (this study and Ref. 13 and 44) .
In conclusion, a positive net charge and an amphipathic anchor point, and not an overall hydrophobicity and hydrophobic moment, determine the activity of our peptides against Gram-negative bacteria. This parameter has not been considered so far. In this context, it may be of interest a reevaluation of some published results where no correlation between antibacterial activity and hydrophobic peptide properties was found. Some of the peptides described here exhibited potent activities against human pathogens and may be good candidates for clinical applications. A further improvement of activity should be accomplishable utilizing our structure/function data.
